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We have analyzed the isotopomer abundance ratios of an equimolar mixture of nine fatty acid
methyl esters (decanoate, undecanoate, laurate, tridecanoate, myristate, pentadecanoate,
palmitate, heptadecanoate, and stearate) by selected-ion monitoring gas chromatography/
electron impact/mass spectrometry (GC/EI/MS). The abundance of the second lowest m/z
isotopomer (IM1) increased disproportionately compared with the abundance of the lowest
m/z isotopomer (IM0) as a function of: (1) increasing sample size; (2) decreasing repeller
voltage; and (3) decreasing alkyl chain length. We also compared the abundance of the third
lowest m/z isotopomer (IM2) and the abundance of the second lowest m/z isotopomer (IM1) of
methyl palmitate and [4,4-2H2]methyl palmitate. We observed that the IM2/IM1 for methyl
palmitate was significantly lower than IM2/IM1 for [4,4-
2H2]methyl palmitate. From these
results, as well as a consideration of basic principles of ion chemistry and ion physics, we
conclude that gas-phase chemistry, specifically proton (or deuteron) transfer from fragment
ions to molecules, is a major contributor to the sample size dependence observed in mass
isotopomer abundance measurements of fatty acid methyl esters ionized by EI. Our results and
analysis do not support hydrogen abstraction as the reaction mechanism. In addition, we
calculate that rearranged molecular ions are unlikely to contribute significantly to intermolec-
ular proton transfer because of their relatively brief lifetime. We also discuss alternative
analytical techniques which might improve the precision and accuracy of isotopomer
measurements by reducing molecular ion fragmentation. (J Am Soc Mass Spectrom 1999, 10,
430–439) © 1999 American Society for Mass Spectrometry
A relatively new area in stable isotope massspectrometry involves combinatorial analysis ofthe mass isotopomer abundance pattern of in-
tact biomolecular ions, i.e., mass isotopomer distribu-
tion analysis (MIDA) [1, 2]. Analysis of the isotopomer
pattern of three or more isotopomers allows calculation
of in vivo biosynthetic rates and precursor pool enrich-
ments. Subjects are infused with a stable isotope labeled
precursor which is incorporated into the biosynthesized
molecule. Biomolecules which have been analyzed are
fatty acids, glucose, cholesterol, peptides, etc. [3–5].
Measurement of mass isotopomer abundances can be
used to quantify metabolic pathways, protein synthesis,
and cell proliferation [5, 6]. Because MIDA requires the
measurement of at least three isotopomer abundances,
it is not possible to use the conventional isotope ratio
mass spectrometry (IRMS), such as gas chromatogra-
phy-combustion-isotope ratio mass spectrometry (GC-
C-IRMS) or chemical reaction interface-isotope ratio
mass spectrometry (CRI-IRMS), which require combus-
tion or reduction of the sample to simple molecules,
e.g., CO2, N2, etc. [7, 8]. Combustion (or reduction) of
the biosynthesized molecule will result in loss of critical
isotopic information, i.e., the combinatorial pattern of
subunits incorporated into the intact biomolecule,
which is used for metabolic analysis. For these reasons,
mass isotopomer abundance measurements place new
demands on the precision and accuracy of mass spec-
trometric instrumentation. There have been many ana-
lytical problems associated with mass isotopomer abun-
dance measurements and these problems are an
important limitation to the field.
Tulloch and Hogge noted a sample size effect on the
mass isotopomer abundances of molecular ions of a
series of fatty acid methyl esters (FAMES) analyzed by
GC/EI/MS [9]. They also noted an increase in the
amount of molecular ion fragmentation the shorter the
alkyl chain, which was accompanied by an increase in
abundance of the isotopomer with the second lowest
m/z (IM1) compared with the abundance of the isoto-
pomer with the lowest m/z (IM0). They also reported a
disproportionate increase in the third lowest m/z (IM2)
for [4,4-2H2]methyl decanoate compared with other gem
dideuterated decanoates [9]. They proposed that proton
transfer from a rearranged molecular ion to a neutral
molecule was the most likely cause for the dispropor-
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tionate increase in IM1 compared to IM0 with increasing
sample size and shorter alkyl chain length and that
deuteron transfer was responsible for the dispropor-
tionate increase in IM2 for [4,4-
2H2]methyl decanoate.
The possibility of fragment ions contributing to proton
(or deuteron) transfer was also noted. A weakness in
their study was that they compared equal mass amounts
of FAMES instead of equimolar amounts of each FAME.
In consequence, one could argue that the increase in
IM1/IM0 with shorter alkyl chains might be because of
the greater number of molecules injected. In addition,
the effect of repeller voltage on IM1/IM0 was not inves-
tigated [9].
With regards to conventional EI sources, Harrison
and Cotter noted that sample pressures above 1024 torr
would result in “ion/molecule reactions between pri-
mary ions and neutral molecules” and “such reactions
can distort the mass spectrum by producing new spe-
cies such as the protonated molecule, MH1. This prob-
lem is more severe for combined EI/CI sources which,
even when operated in the EI mode, usually are more
gas-tight than sources designed for EI operation
only, . . .” [10].
Patterson and Wolfe analyzed methyl palmitate by
GC/EI/MS and, like Tulloch and Hogge, observed an
isotopomer dependence on sample concentration [11].
They noted that the dependence was second order
suggesting gas-phase bimolecular reactions and pro-
posed that intermolecular hydrogen abstraction from a
molecule to the exposed carbonyl oxygen of a molecular
ion was the reaction mechanism. They emphasized the
consequences of the concentration dependence for sta-
ble-isotope tracer studies and proposed a mathematical
correction similar to the correction used for the contri-
bution of H3
1 to HD abundance in HD/H2 IRMS [11].
Recently, Fagerquist and Schwarz showed that there
appeared to be two compensatory effects which alter
mass isotopomer abundances of methyl palmitate ion-
ized by EI: (1) gas-phase acid/base chemistry in the
source and (2) detector nonlinearities, specifically, un-
derestimation of less abundant isotopomers because of
their signal disproportionately falling within the signal-
to-noise level of the electron multiplier detector [12].
They concluded that gas-phase chemistry is the domi-
nant cause of inaccuracy in measurements for injection
of large sample sizes, whereas detector nonlinearity is
the dominant cause of inaccuracy in measurements for
injection of small sample sizes. They postulated that
fragment ions were the more likely reactant ions based
on relative intensity (measured at the detector) and
hypothetical thermochemistry [12].
In this paper, we investigate the changes in the
isotopomer abundances of an equimolar mixture of
FAMES of varying alkyl chain length as a function of
repeller voltage and sample size. We also compare the
isotopomer abundances of equimolar methyl palmitate
and [4,4-2H2]methyl palmitate as a function of concen-
tration. Results are examined within the context of basic
principles of ion chemistry and ion physics. We also
discuss alternative analytical techniques aimed at im-
proving the precision and accuracy of mass isotopomer
abundance measurements by reducing molecular ion
fragmentation.
Experimental
Materials
An equimolar mixture of nine FAMES was prepared:
decanoate, undecanoate, laurate, tridecanoate, myris-
tate, pentadecanoate, palmitate, heptadecanoate, and
stearate (Aldrich Chemical, Milwaukee, WI). [4,4-
2H2]methyl palmitate was prepared from [4,4-
2H2]hexadecanoic acid, (99.3% isotopic purity, CDN
Isotopes, Pointe Claire, Quebec, Canada). [4,4-
2H2]hexadecanoic acid was methylated using boron
trichloride methanol (Sigma Chemical, St. Louis, MO).
General
The instrument used for this study was a benchtop
GC/MS (Hewlett-Packard 6890/5973, Palo Alto, CA).
Samples were dissolved in heptane and injected split-
less into the front inlet of the GC at a temperature of
250 °C using a 5.0 mL syringe (Hamilton, Reno, NV). A
DB-5MS 30 m 3 0.25 mm 3 0.25 mm column (J & W
Scientific, Bellafonte, PA) was used to separate the
FAME mixture chromatographically. Helium (99.999%,
Puritan Bennett) was used as the carrier gas with a
nominal initial pressure of 5.66 psi, initial flow of 0.8
mL/min and average velocity of 33 cm/s.
Initial oven temperature was 60 °C which was held
for 2.0 min followed by a 40 °C/min ramp to a final
temperature of 300 °C which was held for 3.0 min. Total
GC run time was thus 11.0 min. There was a 6.00 min
solvent delay. The capillary transfer line was indepen-
dently heated to 280 °C, the source was independently
heated to 230 °C and the quadrupoles were indepen-
dently heated to 120°C.
The chromatographic retention time between each
FAME was '20 s peak-to-peak. The chromatographic
peak width FWHM ' 1.2 s and peak shapes were
Gaussian which provided sufficient resolution for mass
analysis of each component separately. Chromato-
graphic analysis of a mixture insured that instrumental
conditions were as close as possible for each compo-
nent. Methyl palmitate and [4,4-2H2]methyl palmitate
were injected and analyzed separately because of insuf-
ficient chromatographic resolution when these two
compounds were analyzed as a mixture.
A standard spectra autotune was performed prior to
these measurements using perfluorotributylamine
(PFTBA) as a calibrant. Full scan measurements were
performed over a mass range of m/z 10 –310 (0.1 Da
increments) at a scan rate of 2.51 scans/s with a peak
detection threshold of 50 and sampling of 2. All com-
pounds were ionized by EI at 69.9 eV with an emission
current of 34.6 mA. The FAMES mixture data were
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collected at an ion repeller voltage of 11.02, 15.05, 19.90,
and 25.10 V. The methyl palmitate and [4,4-2H2]methyl
palmitate data were collected at an ion repeller voltage
of 15.05 V. All data was collected at an electron multi-
plier voltage of 1670.6 V.
Data Analysis
We refer to the abundances of a molecular ion multiplet
as the mass isotopomer abundances of the molecular
ion. We will refer to the isotopomer with the lowest
m/z (i.e., the “all 12C” isotopomer) of a FAME as M0
and its signal intensity (or measured abundance) as IM0.
The isotopomer with the second lowest m/z will be
referred to as M1 and its intensity IM1, and the isoto-
pomer with the third lowest m/z is M2 and its intensity
IM2. The natural abundances of each FAME were calcu-
lated using a mathematical algorithm [1, 2].
We collected data using a full scan spectra (m/z
10 –310) because it allowed collection of signal for the
molecular ion multiplet as well as all fragment ions
generated from molecular ion fragmentation. It is thus
possible to calculate the molecular ion current as a
percentage of TIC as well as the relative abundances of
the isotopomers of the molecular ion multiplet. Because
the full scan spectra was acquired with a peak detection
threshold of 50 and a sampling of 2, there is expected to
be some slight underestimation of the less abundant
isotopomer(s) at low concentrations.
Results and Discussion
Fatty Acid Methyl Ester Mixture
Figure 1 shows the full scan spectra of methyl decano-
ate (top panel) and methyl stearate (bottom panel). We
observe the characteristic fragment ions at m/z 74 and
87 which are the result of a rearrangement and frag-
mentation of the molecular ion, i.e., McLafferty rear-
rangement [13]. We observe that the molecular ion
multiplet for methyl decanoate (m/z 186 –188) is very
low in intensity compared to its fragment ions. In
contrast, the molecular ion multiplet for methyl stearate
(m/z 298 –300) is more prominent compared to its
fragment ions. Figure 2 is a plot of the molecular ion
intensity (% of total ion current) of all nine FAMES at a
repeller voltage of 25 V and sample size of 0.0234 nmol.
We observe a roughly linear increase in molecular ion
intensity with increasing alkyl chain length.
Figure 3 shows the change in IM1/IM0 (% excess
above the natural abundance ratio) of a mixture of
FAMES as a function: (1) sample size (9.36, 0.936, and
0.0936 nmol, respectively, for each FAME in the mix-
tures); (2) repeller voltage; and (3) alkyl chain length.
We observed a significant increase in IM1/IM0 with: (1)
increase in sample size, (2) decrease in repeller voltage,
and (3) shortening of alkyl chain length. A relatively
smooth quasiexponential increase in IM1/IM0 was ob-
served at all sample sizes and repeller voltages as a
function of decreasing alkyl chain length. We also
observed an anomolously high IM1/IM0 for heptadec-
anoate [CH3(CH2)X22COOCH3, X 5 17] at repeller
voltages of 15.05 and 25.10 V shown in Figure 3. We
were not able to adequately explain this result which
was not present at a repeller setting of 11.02 and 19.90
V. The anomoly appeared to diminish with increasing
sample size.
Figure 1. Top panel: full scan spectra of methyl decanoate
ionized by EI (70 eV); Bottom panel: full scan spectra of methyl
stearate ionized by EI (70 eV).
Figure 2. Molecular ion current (% TIC) as a function of alkyl
chain length. Each data point represents an average of three
injections with the standard deviation represented by error bars.
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Methyl Palmitate and [4,4-2H2]Methyl Palmitate
Figure 4 (top panel) shows the full scan spectrum of
methyl palmitate. It reveals the molecular ion multiplet
at m/z 270, 271, and 272 (M0, M1, and M2) and fragment
ions at m/z 74 and m/z 87. Figure 4 (bottom panel)
shows the full scan spectrum of [4,4-2H2]methyl palmi-
tate with the molecular ion multiplet at m/z 272, 273,
and 274 (M0, M1, and M2) and fragment ions at m/z 75
and m/z 87. The prominent fragment ion at m/z 75 in
the [4,4-2H2]methyl palmitate spectra conclusively
proved that its formation (and fragment ion m/z 74
from methyl palmitate) was the result of intramolecular
g-hydrogen transfer to the ionized carbonyl oxygen via
the hexacyclic transition state (McLafferty rearrange-
ment) followed by Ca–Cb bond cleavage [14].
Figure 5 shows the ratio of IM2/IM1 for methyl
palmitate (where IM2/IM1 5 Im/z 272/Im/z 271) and [4,4-
2H2]methyl palmitate (where IM2/IM1 5 Im/z 274
/Im/z 273) as a function of sample size. As with IM1/
IM0, we observe an increase in IM2/IM1 with an in-
crease in sample, however IM2/IM1 [4,4-
2H2]methyl
palmitate has a steeper slope than IM2/IM1 methyl
palmitate. In addition, we observe that IM2/IM1 for
[4,4-2H2]methyl palmitate is higher than the IM2/IM1
for methyl palmitate.
Gas-Phase Chemistry and Reaction Mechanisms
It is highly unlikely that the changes in IM1/IM0 as a
function of alkyl chain length could be because of ion
Figure 3. Top panel: IM1/IM0 (% excess above natural abundance
value) of a FAMES mixture (9.36 nmol for each FAME) as a
function of repeller voltage and alkyl chain length. Middle panel:
IM1/IM0 (% excess above natural abundance value) of a FAMES
mixture (0.936 nmol for each FAME) as a function of repeller
voltage and alkyl chain length. Bottom panel: IM1/IM0 (% excess
above natural abundance value) of a FAMES mixture (0.0936 nmol
each FAME) as a function of repeller voltage and alkyl chain
length. Each data point represents an average of three injections
with the standard deviation represented by error bars.
Figure 4. Top panel: full scan spectra of methyl palmitate
ionized by EI (70 eV). Bottom panel: full scan spectra of [4,4-
2H2]methyl palmitate ionized by EI (70 eV).
Figure 5. The ratio of IM2/IM1 as a function of sample size for
methyl palmitate (open triangles) and [4,4-2H2]methyl palmitate
(open circles). IM2/IM1 for methyl palmitate is Im/z 272/Im/z 271.
IM2/IM1 for [4,4-
2H2]methyl palmitate is Im/z 274/Im/z 273. Each
data point represents an average of three injections with the
standard deviation represented by error bars. The dashed line
indicates the theoretical natural abundance value.
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scattering in the mass analyzer or detector nonlineari-
ties because an equimolar mixture of FAMES was
analyzed. Also, the difference in IM2/IM1 for methyl
palmitate and [4,4-2H2]methyl palmitate could not be
explained by ion/molecule scattering or detector non-
linearities. Given these results, one can only conclude
that gas-phase chemistry significantly contributes to the
concentration dependence of mass isotopomer abun-
dances observed for FAMES ionized by electron impact.
Different reactants and reaction mechanisms have been
proposed for the gas-phase chemistry, however with
the most probable scenarios being:
(i) hydrogen abstraction from a molecule to a molec-
ular ion [11],
M1 1 M0 . (M 1 H)1 1 (M 2 H)0 (1)
(ii) proton transfer from a McLafferty rearranged
molecular ion (MR
1) to a molecule [9].
MR
1 1 M0 . (MR 2 H)
0 1 (M 1 H)1 (2)
(iii) proton transfer from a fragment ion (such as m/z
74 or 87) to a molecule [12]:
741 1 M0 . 730 1 (M 1 H)1 (3)
871 1 M0 . 870 1 (M 1 H)1 (4)
We will now discuss these mechanisms with respect to
our results and basic principles of ion chemistry and ion
physics.
Hydrogen Abstraction vs. Proton Transfer
Velocities of ions and molecules. It is useful to calculate
the relative velocities of ions and molecules because this
is one of the factors which can affect ion/molecule
collision rates and thus gas-phase chemistry. Assuming
a Maxwell–Boltzmann distribution of molecular veloc-
ities, the most probable speed of a molecule in the
ionization cell is given by
c* 5 ~2kBT/M!
1/2 (5)
where c* is the most probable speed, kB is Boltzmann
constant, T (K) is the temperature of the ionization cell
(230 °C or 503 K) and M is the mass of the molecule. The
most probable speed of a decanoate molecule in the
ionization cell:
c*Dec ' 212.0 m/s (6)
Similarly for a stearate molecule:
c*Stear ' 167.5 m/s (7)
The velocity of an ion is given by
v 5 ~2qV/m!1/2 (8)
where q is the charge of the ion, V is the ion repeller
voltage, and m is the mass of the ion. The average
energy of an ion exiting the ionization cell is roughly
20% of the repeller voltage setting. In consequence, the
exit velocity of a decanoate molecular ion at a ion
repeller potential of 15 V is
ExitvDec ' 1764 6 212 m/s (9)
The average velocity of an ion while in the ionization
cell is one-half its exit velocity, or
AvevDec ' 882 6 106 m/s (10)
The average distance from the point of ionization to the
exit aperture is '5 mm. Thus, the residence time of a
decanoate molecular ion in the ionization cell is
restDec ' 5.7 ms (11)
Similarly for stearate, we obtain
ExitvStear ' 1394 6 167 m/s (12)
AvevStear ' 697 6 84 m/s (13)
restStear ' 7.2 ms (14)
The 6 values represent the contribution of the Maxwell
distribution of speeds and random trajectories of neu-
tral molecules prior to ionization.
We notice that a decanoate molecule travels 1.27
times faster than a stearate molecule. However, a stear-
ate molecular ion remains in the ionization cell 1.27
times longer than a decanoate molecular ion. Thus, if
we described molecules and ions as point masses and
point charges then the decanoate molecular ion–dec-
anoate molecule collision rate would be identical to the
stearate molecular ion–stearate molecule collision rate.
Ion/molecule collision energy. The average center-of-
mass kinetic energy for an ion/molecule collision pair is
given by
CMKE 5 1/ 2@mM/~m 1 M!#~vIon
2 1 cMol
2 ) (15)
where m is the mass of the ion, M is the mass of the
molecule, vIon is the velocity of the molecular ion, and
cMol is the root-mean-square speed of the molecule
which is equal to 1.225c*. Using our previously calcu-
lated velocities in eqs 6 and 10, the average collisional
energy between a decanoate molecular ion and decano-
ate molecule is
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CMKEDec 5 6.53 3 10
220 J (or 0.408 eV) (16)
at a repeller voltage of 15 V. Similarly, using our
previously calculated values in eqs 7 and 13, the aver-
age collisional energy between a stearate molecular ion
and stearate molecule,
CMKEStear 5 6.53 3 10
220 J (or 0.408 eV) (17)
We see that the CMKE are identical for decanoate and
stearate (and in fact all of the FAMES). Thus, one would
not expect to find a difference in ion/molecule chemis-
try between different FAMES based on ion/molecule
collision energy.
Ion/molecule collision frequency. Molecular ions and
molecules are not point masses and charges. In conse-
quence, it is necessary to consider the contribution of
their volume to the ion/molecule collision frequency. It
is possible to make a rough calculation of the number of
collisions an ion will have with neutral molecules while
in the ionization cell from the collision frequency of
neutral molecules and the residence time of the ion in
the ionization cell. The collision frequency of a neutral
molecule is given by
z 5 Ï2csN/V (18)
where c is the mean speed (equal to 1.128c*), s 5 pd2
is the collision cross section for collision between iden-
tical molecules (d is the diameter of the molecule), N is
the number density of molecules at any given time in
the ionization cell, and V is the volume of the ionization
cell (0.785 cm3). The total collision cross sections of long
chain methyl esters have never been measured, how-
ever Houte et al. recently measured the total collision
cross sections (st
0) of straight chain alkanes (n 5 1–10)
and straight chain alkanones (n 5 3– 6) from collisions
with target gases (nitrogen and argon) [15]. The colli-
sion cross section was determined on the basis of ion
dissociation or ion loss through scattering, charge strip-
ping, or charge exchange. They found that each meth-
ylene group added roughly 1.2 Å2 to the total collision
cross section of the alkanes and alkanones. If we include
the methoxy group of a FAME as part of the alkyl chain
length then methyl decanoate (n 5 12) will have a
cross section sDec ' 17.1 Å
2 (where sDec 5 pr
2). Methyl
stearate (n 5 20) will have a cross section sStear ' 26.7
Å2 (where sStear ' pr
2). The collision cross section
between two decanoate molecules is, thus sDec/Dec 5
pd2 5 68.4 Å2. Similarly, the collision cross section
between two stearate molecules is sStear/Stear 5 pd
2 5
106.8 Å2. Inserting these values into eq 18 with N 5
6.02 3 1014 (1 nmol), we obtain
zDec 5 1.77 3 10
5 collisions/s (19)
With a restDec 5 5.7 ms (eq 11), a decanoate molecular
ion will collide, on average, with 1.0 decanoate mole-
cules before exiting the ionization cell. Similarly for
stearate:
zStear 5 2.19 3 10
5/s (20)
In consequence, a stearate molecular ion (restStear ' 7.2
ms, eq 14) will collide, on average, with 1.6 stearate
molecules before exiting the ionization cell. These val-
ues are likely to be significantly underestimated be-
cause st
0 is defined on the basis of ion fragmentation or
ion loss by scattering, charge stripping, or charge ex-
change. Regardless, we see that the longer alkyl chain of
methyl stearate leads to a greater frequency of ion/
molecule collisions compared to methyl decanoate as
one would expect. In their study of methyl palmitate,
Patterson et al. proposed that intermolecular hydrogen
abstraction between a molecular ion and a molecule
was the mechanism of the gas-phase chemistry [11].
Based on these simple calculations, one would expect a
greater number of hydrogen abstraction reactions to
occur for methyl stearate than for methyl decanoate.
However, we observe less gas-phase chemistry the
longer the alkyl chain as shown in Figure 3. In conse-
quence, the hydrogen abstraction hypothesis cannot be
correct, which leaves proton transfer as the only logical
alternative.
Ion/dipole interactions and ion/molecule chemistry. The
effective potential which describes, in classical terms,
the interaction of an ion and a nonpolar molecule is
given below:
Veff~r! 5 ~L
2/ 2mr2! 2 ~aq2/ 2r4! (21)
where a is the polarizability of the neutral, q is the
charge of the ion, L is the classical orbital angular
momentum, m is the reduced mass of the collision pair,
and r is the distance between ion and molecule. In the
case of FAMES, the polarizability of the molecule scales
linearly with alkyl chain length, i.e., the longer the alkyl
chain the greater its polarizability [16]. However, a
FAME also has a dipole moment due to its carbonyl
group. The dipole moment lies along the carbonyl bond
with a slight negative charge on the oxygen and a slight
positive charge on the carbon. Because the dipole mo-
ment of a FAME molecule is a result of the ester group
alone, it would change little, if any, with alkyl chain
length. The gas-phase dipole moment of methyl acetate
is 1.72 D [17].
The presence of a dipole moment gives a FAME
molecule a slightly more complex effective potential
when interacting with an ion:
Veff~r! 5 ~L
2/ 2mr2! 2 ~aq2/ 2r4! 2 ~mDq cos u/r
2!
(22)
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where mD is the dipole moment of the neutral and u the
angle the dipole makes with the line of centers of the
collision. We see that ion-induced dipole forces decline
much faster with distance (1/r4) compared to ion-
dipole forces (1/r2). Ion-induced dipole forces would
tend to favor hydrogen abstraction, whereas ion–dipole
forces tend to favor proton transfer. However, a FAME
molecule will orient its carbonyl oxygen toward an
approaching cation before ion-induced forces have any
significant contribution to a reactive collision.
Thus, ion–dipole interactions should significantly
favor proton transfer. The effect of the dipole moment
of the molecule would become more important as the
alkyl chain length shortened because the rotational
inertia would decline allowing more rapid ion/mole-
cule orientation. Concommitantly, the polarizability of
the molecule also declines as the alkyl chain length
shortens. However, the effect of ion–induced dipole
forces are shorter range interactions than ion–dipole
forces.
If the dipole of the FAME “locks in” to an approach-
ing cation then u 5 0, the capture collision rate constant
is
kLD~v! 5 ~2pq/m
1/2!@a1/2 1 ~mD/v!# (23)
where v is the relative velocity of the collision pair, and
the LD subscript refers to a locked-in dipole approxi-
mation [18, 19]. In fact, the dipole never completely
“locks in,” and a more accurate equation describing an
ion–dipole interaction is
k~v! 5 ~2pq/m1/2!@a1/2 1 C~mD/v!# (24)
where C is a dipole locking constant [20–23]. For a
Maxwell–Boltzmann distribution of velocities for ions
and molecules at constant temperature, C is dependent
only on (mD/a)
1/2 [23]. Although we can assume that
the molecules will possess a Maxwell distribution of
speeds dependent only on the temperature of the ion-
ization cell, ion velocity is determined primarily by
repeller voltage. Ion velocity changes with the square
root of the repeller voltage. In consequence, as the
repeller voltage increases, k(v) will decrease because
C/v will decrease.
Patterson et al. observed a decrease in IM1/IM0 for
methyl palmitate as the repeller voltage increased [11].
We also observed a decrease in IM1/IM0 for all the
FAMES studied (Figure 3). Patterson proposed that
higher repeller voltages resulted in shorter ion source
residence times and thus fewer hydrogen abstracting
reactive collisions [11]. We propose an alternative ex-
planation: increasing the repeller voltage not only re-
duces the ion residence time but also reduces the time
for ion–dipole orientation (ion–molecule orientation)
prior to a collision thus decreasing the probability for
proton transfer.
Proton Transfer from Fragment Ions vs. Proton
Transfer from Rearranged Molecular Ions
Unimolecular dissociation of FAMES molecular ions. Fig-
ure 2 shows a plot of the molecular ion intensity (% of
TIC) of all nine FAMES. The increase in the relative
molecular ion signal the longer the alkyl chain of the
FAME can easily be rationalized on the basis of unimo-
lecular dissociation theory. During ionization, a certain
amount of energy is deposited into a molecule. The
larger the molecule the greater the number of vibra-
tional modes with which the energy is redistributed.
Dissociation of the molecular ion is statistical, i.e.,
energy is randomized among all the vibrational modes
of the molecule, and dissociation occurs when sufficient
energy localizes in a single vibrational mode of the
molecule causing bond rupture. The weakest bond is
statistically the most likely to break at low internal
energies. This can be qualitatively examined using the
much simplified equation:
k~E! 5 v@~E 2 E0!/E#
S (25)
where k(E) is the rate of dissociation, v is the frequency
factor, E is the internal energy of the ion, E0 is the
activation energy of the barrier leading to fragmenta-
tion, S is the number of oscillators (1/2 or 1/3 of 3N 2
6, where N is the number of atoms of the molecule) [10].
For a dissociation which is first preceded by a rear-
rangement v 5 1010/s is not unreasonable (comparable
to 1000 vibrations of a C–C bond) [10, 24]. The energy
deposited in a molecule during ionization would follow
a Boltzmann distribution. The most probable energy
range of 2–3 eV is not unreasonable [10]. The activation
barrier for the McLafferty rearrangement has been
estimated to be in the range of 0.2 to 0.8 eV [25, 26]. For
decanoate (C11H22O2), N 5 35 and thus S 5 33 (using
1/3 the number of oscillators). For stearate (C19H38O2),
N 5 59, S 5 57 (again using 1/3 the number of oscil-
lators). If we assume E ' 2.0 eV and use the higher
estimate for E0 of 0.8 eV, then
k~E!Dec < 478 (26)
k~E!Stear < 0.00226 (27)
k~E!Dec/k~E!Stear < 200,000 (28)
If we use the lower estimate of 0.2 eV for E0, then
k~E!Dec < 3.1 3 10
8 (29)
k~E!Stear < 2.5 3 10
7 (30)
k~E!Dec/k~E!Stear < 12.4 (31)
Thus, we see that decanoate is predicted to fragment at
a rate order(s)-of-magnitude faster than stearate. In
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Figure 2, we observe a difference in the molecular ion
signal of only a factor of 5. However, because the
activation barrier of the McLafferty rearrangement is
not precisely known and because we are using a much
simplified equation to describe unimolecular dissocia-
tion, our experimental results are not inconsistent.
Tulloch and Hogge concluded that the increase in
IM1/IM0 was caused by the “instability” of the molecular
ion and proposed that a McLafferty rearranged molec-
ular ion was the most likely ion involved in proton
transfer reactions [9]. There are a number of problems
with this hypothesis. The critical step (highest energy)
in the McLafferty rearrangement fragmentation is in-
tramolecular g-hydrogen transfer to the ionized car-
bonyl oxygen. Subsequent formation of the m/z 74
fragment ion via Ca–Cb bond cleavage is believed to be
activationless and therefore facile. Boer et al. suggested
that Ca–Cb bond cleavage in a rearranged 2-pentanone
molecule ion occurred within a few vibrations (less than
1 3 10212 s or 1 ps) [26]. The timescale for Ca–Cb bond
cleavage in FAMES would, of course, depend on the
excess internal energy of the molecular ion as well as on
the total number of vibrational modes of the molecule,
however it is not unreasonable to assume that the
timescale for Ca–Cb bond cleavage in FAMES is equal to
(if not shorter than) the timescale of the initial rear-
rangement, i.e., 1 3 10210 s. In consequence, the life-
time of the rearranged molecular ion is tMR
1 5 1 3
10210 s (the time interval between intramolecular g-hy-
drogen transfer and Ca–Cb bond cleavage). With tMR
1 5
10210 s and with an ion suffering a collision with a
molecule every '5 3 1026 s (eqs 19 and 20), it is highly
unlikely that MR
1 is sufficiently long lived to participate
in intermolecular proton transfer. Increasing z and tMR
1
by an order-of-magnitude each would still result in tMR
1
being two orders-of-magnitude too brief to contribute
significantly to ion/molecule chemistry. The promi-
nence of the fragment ion at m/z 74 for all FAMES
strongly supports this analysis. In addition, the increase
in the abundance of m/z 74 fragment ion relative to the
molecular ion multiplet the shorter the alkyl chain
suggests the importance of alkyl chain length on: the
rate of formation of the initial hexacyclic transition
state, the rate of intramolecular g-hydrogen transfer, the
rate of Ca–Cb cleavage, or all three.
Methyl palmitate and [4,4-2H2]methyl palmitate. As noted
previously, we observe that IM2/IM1 for [4,4-
2H2]methyl
palmitate is higher than IM2/IM1 for methyl palmitate.
We now propose the following explanation. If any
fragment ion (not just m/z 74) donates a proton to the
M0 isotopomer (270) of methyl palmitate, then we
obtain
Fragment ion1 1 M0
0(0.8229) . Fragment0
1 ~M0 1 H!
1 ~m/z 271 ' M1
1) (32)
where 0.8229 is the normalized natural abundance of
the M0 isotopomer of methyl palmitate. Similarly, if any
fragment ion (not just m/z 74) donates a proton to the
M1 isotopomer (271) of methyl palmitate, then we
obtain
Fragment ion1 1 M1
0(0.1592) . Fragment0
1 ~M1 1 H!
1 ~m/z 272 ' M2
1) (33)
where 0.1592 is the normalized natural abundance of
the M1 isotopomer of methyl palmitate. In consequence,
we see that the isotopomer abundances of M1 and M2
will both increase as a result of proton transfer reactions
[although IM2 will rise faster than IM1 because (0.1592/
0.0179) is greater than (0.8229/0.1592)]. This is what is
observed in Figure 5, we see IM2/IM1 (for both methyl
palmitate and [4,4-2H2]methyl palmitate) increase as a
function of sample size.
Similarly, if any fragment ion (other than m/z 75
which would donate a deuteron) donates a proton to
the M0 isotopomer (272) of a [4,4-
2H2]methyl palmitate,
then we obtain
Fragment ion1 1 M0
0(0.8229) . Fragment0
1 ~M0 1 H!
1 ~m/z 273 ' M1
1) (34)
Similarly, if any fragment ion (other than m/z 75)
donates a proton to the M1 isotopomer (273) of [4,4-
2H2]methyl palmitate, then we obtain
Fragment ion1 1 M1
0(0.1592) . Fragment0
1 ~M1 1 H!
1 ~m/z 274 ' M2
1) (35)
Given these reactions alone, we would expect the
IM2/IM1 ratio to be the same for methyl palmitate and
[4,4-2H2]methyl palmitate. However, we also need to
consider the most abundant fragment ion: m/z 75
which could donate a deuteron:
m/z 751 1 M0
0(0.8229) . 730 1 (M0 1
2H)1
z ~m/z 274 ' M2
1) (36)
Thus, we see that deuteron transfer from m/z 75 to
M0
0(0.8229) will increase M2 of [4,4-
2H2]methyl palmi-
tate more than the increase of M2 of methyl palmitate
because of proton transfer from m/z 74 to M1
0(0.1592)
because M0
0(0.8229) is more abundant than M1
0(0.1592).
In addition, M1 of methyl palmitate will increase faster
than M1 of [4,4-
2H2]methyl palmitate because of the
absence of an abundant proton donating fragment ion at
m/z 74 for [4,4-2H2]methyl palmitate. In consequence,
one would expect IM2/IM1 for [4,4-
2H2]methyl palmitate
to be significantly higher than IM2/IM1 for methyl palmi-
tate if: (i) proton (deuteron) transfer was the reaction
mechanism responsible for gas-phase chemistry and (ii)
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the McLafferty fragment ion m/z 74 (75) was a major
reactant ion in gas-phase chemistry. Our results with
palmitate are similar to results reported by Tulloch and
Hogge for [4,4-2H2]methyl decanoate and other gem
dideuterated decanoates [9].
Consequences of Molecular Ion Fragmentation for
Mass Isotopomer Measurements and Analytical
Remedies
Molecular ion fragmentation has two detrimental con-
sequences for mass isotopomer abundance measure-
ments: (1) it reduces the population of ions which
contain the isotopic information of interest thus reduc-
ing the precision and sensitivity of the measurement and
(2) it generates fragment ions which can participate in
gas-phase chemistry compromising the accuracy of the
measurement. Given these problems, it is logical to
pursue analytical strategies aimed at reducing molecu-
lar ion fragmentation. Two possible strategies are: (1)
reduce the internal energy of the molecule prior to
ionization and (2) reduce the energy of ionization.
Amirav and co-workers have recently showed that
the energy deposited in a molecule during ionization by
conventional GC/EI/MS is only partly responsible for
the amount of molecular ion fragmentation [27]. Much
of the fragmentation is due to the energy absorbed by
the molecule from successive adsorption/desorption
cycles on the inner surface of a heated ionization cell
prior to ionization. They showed that one could signif-
icantly reduce molecular ion fragmentation by eliminat-
ing the conventional ionization cell and “cooling” the
molecule prior to ionization via an adiabatic expansion
into vacuum using a supersonic molecular beam [27].
Supersonic molecular beams (SMB) have been used for
years in gas-phase physical chemistry to reduce the
“temperature” of molecules in order to improve spec-
troscopic resolution of ro-vibrational states. Less molec-
ular ion fragmentation means higher signal-to-noise for
the molecular ion as well as reducing the gas-phase
chemistry which can compromise the isotopomer mea-
surements. A SMB source also has the advantage of
being an “open” source which eliminates sample pres-
sure build-up which might lead to ion/molecule chem-
istry previously noted by Harrison and Cotter [10]. A
disadvantage of the SMB is that a molecule makes only
one pass through the ionizing electron beam. Thus, to
obtain sufficient signal, the ionizing current must be in
the mA rather than mA range used in conventional
GC/EI/MS.
Very recently, Fagerquist et al. presented prelimi-
nary results using an Amirav-based SMB design
interfaced to a TOF-MS analyzer (Hyperjet, HD Tech-
nologies, Manchester, UK) [28]. Methyl palmitate was
bled into the GC capillary–SMB interface from a heated
inlet which allowed for ion counting of isotopomers. A
concentration dependence was not observed over an
order-of-magnitude range of signal intensity. However,
the precision of the measurement was poor due to
electronic or chemical noise [28]. Further tests are thus
necessary to establish whether the SMB offers a signif-
icant improvement for mass isotopomer measurements
over conventional GC/EI/MS.
Alternatively, one can reduce molecular ion frag-
mentation by reducing the energy of the ionizing elec-
trons. Such an approach results in a relative increase in
molecular ion signal compared to fragment ion signal,
however the absolute molecular ion signal falls because
of poor ionization efficiency. Faubert et al. has recently
shown that it is possible to selectively ionize (Penning
ionization) and fragment organic molecules using meta-
stable rare gas atoms generated by corona discharge
(Metastable Atom Bombardment, MAB, DEPHY Tech-
nologies, Quebec, Canada) [29, 30]. They demonstrated,
on a variety of organic compounds, a dramatic decrease
in molecular ion fragmentation by ionizing with meta-
stable rare gas atoms whose excited energy states were
only slightly higher than the ionization potential of the
organic molecule. In consequence, during ionization
only a small amount of energy is deposited into the
molecule which results in very little post-ionization
fragmentation. In addition, acceptable ionization effi-
ciency was maintained [29, 30]. We are currently inves-
tigating the MAB for mass isotopomer abundance
measurements.
Conclusions
We have analyzed a mixture of nine fatty acid methyl
esters (decanoate, undecanoate, laurate, tridecanoate,
myristate, pentadecanoate, palmitate, heptadecanoate
and stearate) as well as compared methyl palmitate and
[4,4-2H2]methyl palmitate by GC/EI/MS. Our results
strongly support proton transfer not hydrogen abstrac-
tion as the gas-phase reaction mechanism responsible
for the concentration dependence observed in isoto-
pomer measurements of FAMES ionized by EI. In
addition, we conclude that the most probable ions
involved in proton transfer reactions are fragment ions,
not rearranged molecular ions, because of the absence of
an activation barrier for Ca–Cb bond cleavage after
intramolecular g-hydrogen transfer to the ionized car-
bonyl oxygen. We calculate that the lifetime of a McLaf-
ferty rearranged molecular ion is likely to be several
orders-of-magnitude briefer than the time between ion/
molecule collisions, and thus too brief to contribute
significantly to ion/molecule chemistry.
We have also discussed instrumental alternatives to
conventional GC/EI/MS for mass isotopomer measure-
ments. The MAB and SMB may provide significant
improvements in precision and accuracy of mass isoto-
pomer measurements by reducing the amount of mo-
lecular ion fragmentation.
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